Most schemes for quantum information processing require fast single-qubit operations. For spinbased qubits, this involves performing arbitrary coherent rotations of the spin state on time scales much faster than the spin coherence time. By applying off-resonant, picosecond-scale optical pulses, we demonstrated the coherent rotation of a single electron spin through arbitrary angles up to p radians. We directly observed this spin manipulation using time-resolved Kerr rotation spectroscopy and found that the results are well described by a model that includes the electronnuclear spin interaction. Measurements of the spin rotation as a function of laser detuning and intensity confirmed that the optical Stark effect is the operative mechanism. U sing ultrafast optical pulses to coherently manipulate the spin state of an electron is a key ingredient in many proposals for solid-state quantum information processing (1-6). Although electrical control of a single spin has been achieved (7, 8) , the nanosecond time scales required for such manipulation limit the number of operations that can be performed within the spin coherence time. In contrast, spin control via picosecond-scale optical pulses yields an improvement of several orders of magnitude in the manipulation time, as required for many proposed applications. Additionally, this all-optical technique provides simple pathways for coupling the quantum degrees of freedom of a single spin and a photon-a useful property for enabling quantum communication. We experimentally demonstrated such a scheme for a single electron spin in a quantum dot (QD).
U sing ultrafast optical pulses to coherently manipulate the spin state of an electron is a key ingredient in many proposals for solid-state quantum information processing (1) (2) (3) (4) (5) (6) . Although electrical control of a single spin has been achieved (7, 8) , the nanosecond time scales required for such manipulation limit the number of operations that can be performed within the spin coherence time. In contrast, spin control via picosecond-scale optical pulses yields an improvement of several orders of magnitude in the manipulation time, as required for many proposed applications. Additionally, this all-optical technique provides simple pathways for coupling the quantum degrees of freedom of a single spin and a photon-a useful property for enabling quantum communication. We experimentally demonstrated such a scheme for a single electron spin in a quantum dot (QD).
The optical (or ac) Stark effect (OSE) was first studied in atomic systems in the 1970s (9) (10) (11) and was subsequently explored in bulk semiconductors and quantum wells (12) (13) (14) . In recent years, the OSE has been used to observe ensemble spin manipulation in a quantum well (15) and to control orbital coherence in a QD (16) . Additionally, other optical manipulation schemes have been explored (17) (18) (19) (20) , which, in contrast to this work, affect the average polarization of a spin ensemble instead of directly manipulating individual spin states. Using perturbation theory, it is found that an optical field with intensity I tip , detuned from an electronic transition by an energy D, induces a shift in the transition energy
where D is the dipole moment of the transition, and e and m are the permittivity and permeability of the material (13) . In the relevant energy levels for the QD system considered here (Fig. 1B) , the ground state consists of a single electron in the lowest conduction band level, spin-split by a small magnetic field B z . The lowest-energy interband transition is to the trion state, consisting of two electrons in a singlet state and a heavy hole. Because of the optical selection rules, the dipole strength of this transition in the basis along the y% direction from the spin-up ground state is zero for s + polarized light and from the spin-down ground state is zero for s -polarized light, as indicated in the diagram. Therefore, for circularly polarized light, the OSE shifts just one of the spin sublevels and produces a spin splitting in the ground state that can be represented as an effective magnetic field, B Stark , along the lightpropagation direction. By using ultrafast laser pulses with high instantaneous intensity to provide the Stark shift, large splittings can be obtained to perform coherent manipulation of the spin within the duration of the optical pulse (here, B Stark~1 0 T). This phenomenon can also be described in terms of a stimulated Raman transition (3, 6, 20) .
The sample we used consisted of a layer of charge-tunable gallium arsenide (GaAs) interface QDs embedded in an optical cavity. [Details of the sample structure and characterization are given in (21) (22) (23) .] In the experimental setup (Fig. 1C) , three synchronized, independently tunable optical pulse trains are focused onto the sample: the pump, the probe, and the tipping pulse (TP). The pump and tipping pulse are both derived from a mode-locked Ti:sapphire laser generating a train of~150-fs pulses at a repetition rate of 76 MHz. The pump is circularly polarized and tuned to an energy E = 1.646 eV [full width at half maximum (FWHM)~1 meV], thereby injecting spin-polarized electrons and holes into the continuum of states above the QD (24) . One or more of these electrons or holes can then relax into the QD. The circularly polarized TP (duration~30 ps, FWHM = 0.2 meV) is tuned to an energy below the lowest QD transition ( Fig. 1A) and is used to induce the Stark shift. The relative time delay between the pump pulse and the TP is controlled by a mechanical delay line in the pump path.
The probe pulse is generated by passing a narrow-linewidth continuous-wave laser through an electro-optic modulator synchronized with the pump/TP laser. The resulting 1.5-ns pulses probe the spin in the QD through the magneto-optical Kerr effect (23) . This effect arises from the real part of the dielectric response function of the QD and results in a spin-dependent rotation of the polarization of the linearly polarized probe upon reflection off of the sample. As the energy of this probe light is scanned across the QD transiCenter for Spintronics and Quantum Computation, University of California, Santa Barbara, CA 93106, USA.
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†To whom correspondence should be addressed. E-mail: awsch@physics.ucsb.edu tion energy, E X -, an odd-Lorentzian line shape ½ºx=ð1 þ x 2 Þ centered at the transition energy is seen in the Kerr rotation (KR) spectrum (22, 25) . By fitting such a curve (as shown in Fig. 1A ), we can extract the amplitude of this feature, q 0 , which is proportional to the projection of the spin polarization in the QD along the light-propagation direction.
In a typical measurement, the pump pulse arrives at time (t) = 0 along the y axis (growth direction), and in some cases, a single spin-polarized electron will relax into the QD. For pump helicity s ± , this electron is (up to a global phase) initially in the state yðt ¼ 0Þ ¼ ðj↑〉 T ij↓〉Þ= ffiffi ffi 2 p , where "up" and "down" are chosen as the basis along the external magnetic field B z . The spin then begins to coherently precess at the Larmor frequencyw ¼ gm B B z =ℏ :
, where g is the effective electron g factor, m B is the Bohr magneton, and ħ is the reduced Planck constant. At t = t tip , the TP arrives and generates an additional spin splitting along the y axis for the duration of the pulse. During this time, the spin precesses about the total effective field (which is typically dominated by B Stark ) and then continues to precess about the static applied field. The probe then measures the resulting projection of the spin in the QD, <S y > at t = t probe . This sequence is repeated at the repetition frequency of the laser (76 MHz), and the signal is averaged for several seconds for noise reduction. The pump and probe are modulated with mechanical choppers, allowing for lock-in detection to measure only spins that are injected by the pump. Furthermore, the pump is switched between s + and s -, with a measurement made at each helicity. The spin signal is then taken as the difference between these values, eliminating any spurious signal from spins not generated by the pump [such as phonon-assisted absorption from the TP (26)].
To map out the coherent dynamics of the spin in the QD, KR spectra are measured as a function of pump-probe delay. Figure 2A shows a plot of the KR angle, q K as a function of probe energy and t probe with an applied field B z = 715 G and no TP. Horizontal line cuts display the dispersive line shape centered at the transition energy E X -(as shown in Fig. 1A ). As t probe is swept along the vertical axis, the precession of the spin can be seen as the oscillations in q K . When the TP is applied at t tip = 1.3 ns, as in Fig. 2B , there is a substantial change in the KR spectra. For t < t tip , the KR signal is essentially the same as in Fig. 2A , but for t > t tip the sign of the signal is reversed. This can be clearly seen in the line cuts in Fig. 2 , C to F. Line cuts in (C) and (D) are both before the TP and show the same behavior, whereas the line cut in (F) has the opposite sign of the line cut in (E) as a result of the TP.
It is convenient to understand the observed spin dynamics in the Bloch sphere picture. Here, the spin state is represented as a vector (S x , S y , S z ), where (0, 0, ± S z ) represents the eigenstates j↑〉 and j↓〉, and vectors with nonzero S x and S y represent coherent superpositions of j↑〉 and j↓〉. In this picture, the dynamics of the spin can be calculated by applying the appropriate sequence of rotation matrices to the initial state (21) . The effect of the pump and the TP thus results in the spin state as a function of time S
where the initial spin state is (0, S 0,y , S 0,z ), t′ = t -t tip , w is the precession frequency about the z axis, and f tip is the angle through which the spin precesses during the TP. Here we have included an initial component of the spin along the z axis to account for small misalignments of the pump beam. Because the duration of the TP is much less than w −1 , the tipping is assumed to occur instantaneously.
As can be seen from Eq. 2, the TP may result in a substantial nonprecessing component of the spin along the z axis. Through the hyperfine interaction, electron spins can flip with nuclear spins. The component of the nuclear spin along the external field B z does not precess and therefore can build over time in the process of dynamic nuclear polarization (DNP) (24, 27) . As nuclear polarization builds along the z axis, it acts back on the electron spin as an effective magnetic field B n z %. Thus in Eq. 2, w must be replaced by w' = w + w n . w n (= gm B B n /ħ) is proportional to the steady-state nuclear polarization, which in turn is proportional to S z . Thus, equating w n and S z with a constant of proportionality a, we have w n ¼ aðS 0;y sin f tip sinðw þ w n Þt tip þ S 0;z cos f tip Þ.
Solving this equation numerically for w n and substituting w′ into Eq. 2 self-consistently yield the coherent spin dynamics of the system as a function of time. To model the results below, we include the finite spin coherence time, T 2 *, and a phenomenological I tip -dependent term to account for imperfect fidelity of the spin rotations or other background effects, with a characteristic scale I 0 . The decoherence term is taken as exponential, in agreement with previous measurements on this sample (23) . Finally, we take the difference between s + and s -pump helicity, yielding Figure 3A shows the time evolution of a single spin in a transverse magnetic field, with no TP applied. Each data point is determined from the fit to a KR spectrum at a given pump-probe delay, as in Fig. 2 . If we convolve Eq. 3 with the measured profile of the probe pulse, we can perform a least-squares fit to this data and determine various parameters in the model: w, T 2 *, and the effective field from the nuclear polarization, B n . The red curve in Fig. 3A shows the result of this fit, yielding w = 1.39 GHz, T 2 * = 5.5 ns, and B n = 68 G, and the dotted line is the corresponding plot of Eq. 3 without the probe pulse convolution. As expected, the spin is initialized at t = 0 and then precesses freely about the applied field.
The data in Fig. 3 , B and C, show the same coherent spin dynamics as those in Fig. 3A , but with the TP applied at t = t tip . The intensity of the TP is chosen to induce a 1.05 × p rotation about the y axis, which is determined as discussed below. In Fig. 3B , the TP arrives at t tip = 1.3 ns, when the projection of the spin is mainly along the x axis. This component of the spin is thus rotated by the TP through~p radians. The predicted spin dynamics as given by Eq. 3 is shown in the dotted red line, and the same curve convolved with the probe pulse is given by the solid red line. This curve is not a fit: All of the parameters are determined either in the fit to Fig. 3A or as discussed below. Only the overall amplitude of the curve has been normalized. Here, the spin is initialized at t = 0, and as before, precesses freely until the arrival of the TP. After the TP, the spin has been flipped and the resulting coherent dynamics show a reversal in sign. This can be clearly seen by comparing the sign of the measured signal at the position indicated by the dashed line in Fig. 3 . Figure 3C shows the spin dynamics again with the same parameters, but with t tip = 2.6 ns. The spin at this delay will have only a small projection in the x-z plane, and the TP-induced rotation about the y axis will have only a small effect on the spin state. This expectation is borne out in the data, where the spin dynamics show essentially the same behavior as in the absence of the TP (Fig. 3A) . Again, the model yields qualitatively the same behavior.
Further details of this spin manipulation can be investigated by varying the TP intensity I tip and the detuning D of the TP from the QD transition energy for a fixed t probe and t tip (Fig. 4B) . In  Fig. 4A , the KR signal q 0 as a function of I tip is shown at t probe = 2.5 ns, with the TP arriving at t tip = 1.3 ns, for three different values of D. When I tip = 0, the spin precesses undisturbed and yields a negative signal at t probe = 2.5 ns (as in Fig. 3A) . As I tip is increased, the spin is coherently rotated through an increasingly large angle, and the observed signal at t probe = 2.5 ns changes sign and becomes positive (as in Fig. 3B) . Furthermore, the strength of the OSE is expected to decrease linearly with the detuning D (Eq. 1). The gray lines in Fig. 4A are plots of Eq. 3 with parameters taken from the fit in Fig. 3A , and f tip = b I tip . From these curves, we additionally obtain the phenomenological factor I 0 = 6.9 × 10 5 W/cm 2 . This same value is used in all of the model curves shown. From this, we can estimate the fidelity of a p rotation to be approximately 80% (21) . The only parameter that is changed between the three curves in Fig. 4A is the strength of the OSE, b. The TP intensity required for a p rotation can be extracted from these fits as I p = p/b, and is shown in Fig. 4C as a function of detuning, displaying the expected linear dependence. If the expected slope of this line is estimated from Eq. 1 with reasonable parameters, we find a discrepancy of about a factor of 10 from the measured value, which may be due to a number of experimental uncertainties (21) .
The data in Fig. 4A most clearly show the effects of DNP on the observed spin dynamics. In the absence of nuclear polarization, one would expect the curves in Fig. 4A to be cosinusoidal, crossing zero at an intensity half that required for a p rotation. DNP, however, which is maximal when f tip ≈ p/2, distorts this ideal cosine form, as is well described by the model (21) . Additionally, an effect of the misalignment of the initial spin direction out of the x-y plane can be seen in the signal near I tip = 0. The TP first rotates the spin into the x-y plane, increasing the signal slightly, and then rotates it past the x-y plane as I tip is increased. This is confirmed by reversing the helicity of the TP so that the spin rotation is in the same direction as the misalignment, instead of [This and further control measurements are discussed in (21) .]
Much of the deviation of the data from the model can be explained by the slow drift of experimental parameters during the measurement. In particular, the observed effects are very sensitive to the focus on the sample, because the intensities of the pump, probe, and TP all vary quadratically with the focused spot size. Additional deviations may be due to the simplistic description of the TP-induced background effects used here. For example, in the case of phonon-assisted transitions to the trion state, one would expect the type of spin-selective decoherence described in (18) . Although there is some finite probability for the TP to excite the trion state, the control measurements described in the supporting online text show that TP-induced spin coherence is not the dominant mechanism for the spin control observed here. Further measurements of the background effects will be needed to determine their cause, with the aim of increasing the fidelity of these single spin rotations.
In principle, at most 200 single-qubit flips could be performed within the measured T 2 * of 6 ns. However, by using shorter TPs and QDs with longer spin coherence times, this technique could be extended to perform many more operations within the coherence time. A mode-locked laser producing~100-fs TPs could potentially exceed the threshold (~10 4 operations) needed for proposed quantum error-correction schemes (28) . Additionally, the spin manipulation demonstrated here may be used to obtain a spin echo (29) , possibly extending the observed spin coherence time. These results represent progress toward the implementation of scalable quantum information processing in the solid state.
